tighter linkage between non-pleiotropic causal loci maintains higher genetic correlations at the traits and leads to a greater proportion of false positives in association analyses.
Abstract
Genetic correlations between traits may cause correlated responses to selection. Previous models described the conditions under which genetic correlations are expected to be maintained. Selection, mutation and migration are all proposed to affect genetic correlations, regardless of whether the underlying genetic architecture consists of pleiotropic or tightly-linked loci affecting the traits. Here, we investigate the conditions under which pleiotropy and linkage have differential effects on the genetic correlations between traits by explicitly modeling multiple genetic architectures to look at the effects of selection strength, degree of correlational selection, mutation rate, mutational variance, recombination rate, and migration rate. We show that at mutation-selection(-migration) balance, mutation rates differentially affect the equilibrium levels of genetic correlation when architectures are composed of pairs of physically linked loci compared to architectures of pleiotropic loci. Even when there is perfect linkage (no recombination within pairs of linked loci), a lower genetic correlation is maintained than with pleiotropy, with a lower mutation rate leading to a larger decrease. These results imply that the detection of causal loci in multi-trait association studies will be affected by the type of underlying architectures, whereby pleiotropic variants are more likely to be underlying multiple detected associations. We also confirm that linked loci affecting separate traits since their beneficial mutations will not 85 have the collateral effects of pleiotropy. These, therefore suggest that linkage 86 and pleiotropy may have differential effects on genetic variance and covari-87 ances depending on mutation, recombination and selection regimes, but this 88 comparison was not fully explored in any previous model. 89 Lande (1984) predicted that when loci affecting different traits are tightly 90 linked, and there is strong correlational selection between traits, recombina-91 tion rates between loci affecting different traits can strongly affect genetic 92 correlations between traits, when selection is weak and mutation rates are 93 relatively high. In an extreme case where there is complete linkage between 94 pairs of loci affecting different traits (the recombination rate is 0), and no 95 linkage between sets of these pairs of linked loci (the recombination rate is 96 0.5), then he determined that the maximum genetic correlation due to link-97 age may be almost as large as the extent of correlational selection, which can 98 be calculated from the (per linkage group) genetic covariance between traits 99 and the genetic variances, respectively, as:
where ρ is the extent of correlational selection acting between the traits, ω 2 is 102 the strength of selection (with lower values representing stronger selection), µ 103 is the per-locus mutation rate, and α 2 is the per-locus mutation variance. If 104 there is equal variances among traits then the genetic correlation is calculated 105 as:
From these equations we see that, even in the absence of pleiotropy, genetic 107 covariance may arise from linkage disequilibrium, and depends on both the 108 strength of correlational selection between traits and selection on each trait, 109 as well as on the mutational inputs (mutation rates and mutational vari-those traits or not (Guillaume and Whitlock, 2007 other evolutionary forces affecting equilibrium levels of genetic correlation of all loci affecting one trait. Gaussian stabilizing selection was applied and determined the survival probability of juveniles, whose fitness was calculated frequently observed in both morphological and life-history traits (Roff, 1996) .
231
In the association study, a per-locus regression of trait values was performed 232 over genotypes, and the (negative log 10) p-values of regression slopes were 233 plotted with a Benjamini-Hochberg False Discovery Rate (FDR) cutoff to 234 adjust significance levels for multiple tests (Benjamini and Hochberg, 1995) .
235
From this, we observed the number (and proportion) of false positives (linked 236 loci that had no effect on a trait but whose regression slope p-values were 237 above the FDR cutoff for that same trait) and false negatives (pleiotropic loci 238 that had an effect on both traits but whose regression slope p-values were 239 below the FDR cutoff for either trait). No correction for population strat- rates and high mutational variance to maintain strong genetic correlation, 275 whereas the pleiotropic architecture just needs high mutational variance.
276
In contrast to the correlation, the genetic covariance of the two traits 277 was generally equal between pleiotropic and fully linked non-pleiotropic loci, 278 and decreased as recombination increased within pairs of non-pleiotropic loci.
279
The cause of the observed higher trait correlation obtained with pleiotropic 280 loci was the lower genetic variance they maintain under stabilizing selection.
281
Figure 2: Average genetic correlation, total genetic variation and genetic covariation (and their standard deviations) over 10,000 generations reaching mutation-selection equilibrium for four different genetic architectures: pairs of linked loci affecting two different traits with 0, 0.1 or 1cM between loci, or pleiotropic loci affecting both traits. N = 5000, ω 2 = 100, ρ ω = 0.9, α 2 = 0.1, and µ = 0.001. Dashed line represents Lande's 1984 expectations for completely linked loci (0 cm). but to a largely reduced degree ( Figure 7B ).
Effects of migration on genetic correlation

289
Effects of linkage and pleiotropy on proportion of false positives/negatives 290 and linkage disequilibrium in multi-trait GWASes
291
In simulations where there is linkage between SNPs and equivalent levels 292 of genetic correlation between traits, the number and proportion of loci that 293 are false positives (above FDR cutoff but no effect on trait) increase as linkage 294 distance decreases between SNPs affecting different traits (shown in Figure   295 8 and Supplementary Figure S1 ). When genetic correlation is higher (due to SNPs decreases as distance between SNPs increases regardless of genetic 303 correlation (Figure 9 and Supplemental Table S1 ). Long-distance linkage 304 disequilibrium between unlinked SNPs increases when the distance between Figure S2) . In simulations where SNPs are pleiotropic, long-308 distance linkage disequilibrium does not seem to be affected by change in pair to accumulate and maintain levels of genetic covariance near to that of 321 mutations in a single pleiotropic locus, but empirical estimations of muta-322 tion rates from varied species like bacteria and humans suggests that per-323 nucleotide mutation rates are in the order of 10 −8 to 10 −9 (Nachman and 324 Crowell, 2000; Lynch, 2010; Ford et al., 2011) . If a polygenic locus consists 325 of hundreds or thousands of nucleotides, as in the case of many quantitative 326 trait loci (QTLs), then per-locus mutation rates may be as high as 10 −5 , but 327 the larger the locus the higher the chance of recombination between within-328 locus variants that are contributing to genetic correlation. This leads us to 329 believe that with empirically estimated levels of mutation and recombination, 330 strong genetic correlation between traits are more likely to be maintained if 331 there is an underlying pleiotropic architecture affecting them than will be 332 maintained due to tight linkage. Consequently, GWASes that detect asso- Figure S3 ) (Turelli, 1984) . 339 We find that even under scenarios where pleiotropy and tight linkage 340 maintain similar levels of genetic covariance, pleiotropic architectures have 341 higher genetic correlations because they have lower total genetic variance.
342
This can be explained by understanding the differential fitness effects of loci.
343
Mutations that affect more than one trait are less likely to be beneficial (Orr, 344 1998; Otto, 2004) . The distribution of fitness effects of pleiotropic mutations 345 is shifted towards more negative average values as the number of traits af- is correlational selection between the catalytic functions of an enzyme, then 446 some pleiotropic mutations that affect more than one catalytic ability will 447 be favoured, and genetic correlations will increase. With this in mind, it 448 makes more sense from a theoretical and functional standpoint to refer to 449 pleiotropy at the nucleotide level (or at the unit of a mutation), than at the 450 gene or larger locus level (but this may depend on the questions of interest 451 (Rockman, 2012; Rausher and Delph, 2015) ).
Other factors 453
Even in the absence of correlational selection it is possible to maintain 454 genetic correlation through continued migration from a source population.
455
High migration brings individuals whose combination of alleles will expand 456 focal population variation in the direction of the source population. This 457 corroborates previous results that showed that slow introgression of allelic Figure S3 : Average genetic variances for different mutation rates and genetic architectures, with either one pleiotropic locus or two completely linked loci, compared against theoretical expectations from several models (Bürger, 2000) . 
